In the present study it is demonstrated that MO-QSARs (quantitative structure activity re lationships based on calculated molecular orbital substrate characteristics) of cytochrome P450-catalysed bio transformation of benzene derivatives obtained in previous studies for Wistar rats, can be extrapolated to other species, including man. First, it was demonstrated that the regioselectivity of the in vivo aromatic hydroxylation of two fluorobenzene derivatives can be quantitatively predicted, on the basis of the calculated density distribution of the reactive x-electrons in the aromatic ring of the fluorobenzene derivative, for all experi mental animal species tested. Second, it was investigated whether the preferential site for in vitro aromatic hydroxylation of 3-fluoroaniline could be predicted on the basis of the same calculated parameter. This was done because extrapolation to human systems requires in vitro instead of in vivo experiments. The results obtained indicated that the variation in the regioselectivity of the aromatic hydroxylation of 3-fluoro aniline by liver microsomes from dif ferent species, including man, was only a few percent, and was mainly directed by calculated chemical reactivity characteristics of the 3-fluoro aniline substrate. Finally, possibilities for the extrapolation from rat to other species, of the MO-QSAR for the rate of in vitro C4 hydrox ylation of a series of aniline derivatives converted in an iodosobenzene-supported microsomal cytochrome P450 system, were investigated. Experiments with liver microsomes from rats, mice, rabbit and man resulted in clear MO-QSARs with correlation coefficients for the rela tionship between the In /tcat and the E(HOMO) of the aniline substrates that were >0.97 in all cases. Thus, the results of the present study clearly demonstrate that MO-QSARs previous-ELSEVIER ly described for Wistar rats can be extrapolated to mice, rabbit, guinea pig and even to man. Regioselectivities obtained and QSAR lines for the rate of conversion plotted against calculated E(HOMO) values of the aniline derivatives are similar for the various species in vestigated. Altogether, these results strongly support the conclusion that the conversion of the relatively small benzene derivatives in the relatively large and aspecific active sites of the mam malian cytochromes P450, even when derived from various species, are mainly dependent on chemical reactivity parameters of the substrates. Therefore, the results of the present study support the hypothesis that MO-based QSARs obtained in rat for the cytochrome P450 catalysed aromatic hydroxylation of benzene derivatives can provide a basis for prediction of biotransformation pathways in different species, including man.
Introduction
Upon exposure of mammals to benzene derivatives these compounds are known to be metabolised in phase I and phase II type biotransformation reactions before they can be excreted from the body, or before they exert their toxic effects [1, 2] . Phase I metabolism of substituted benzene derivatives is mediated by the cytochrome P450 enzyme system, which consists of a series of isoenzymes with broad, and partially overlapping substrate specificity. Metabolic patterns resulting from cytochrome P450-catalysed biotransformation may vary with variation in the cytochrome P450 enzyme pattern. This enzyme pattern is dependent on both exter nal and internal factors. Among the internal factors, species differences are known to influence the cytochrome P450 enzyme pattern. Species differences have been reported for both Phase I and Phase II enzymes and can result in variation in both routes and rates of metabolite formation [3-6]. Such species differences, and, as a result, variations in metabolic profiles, may hamper extrapolation of results obtain ed in biotransformation studies with one type of experimental animal to other ani mal species, or, ultimately, to man.
Variations in the cytochrome P450 enzyme pattern o f the microsomal prepara tions, due to pretreatment of animals by specific inducers or due to species differ ences, are well known to be able to affect the outcomes o f the biotransformation. For example, the metabolic profile of chlorobenzenes was influenced by the type of cytochrome P450 enzymes present in the microsomal preparations [7, 8] . For bromobenzene it has been reported that 3-methylcholanthrene-induced cytochrome P450 patterns result in preferential hydroxylation at the position ortho with respect to the bromine substituent, leading to relatively harmless metabolites, whereas metabolism by a phénobarbital induced cytochrome P450 population results in preferential para hydroxylation of bromobenzene leading to formation o f intermediates that induce liver damage [9, 10] . In contrast to these results, previous studies demonstrated that for the cytochrome P450-catalysed conversion of relatively small substrates, like fluorinated benzenes or monofluoroanilines, QSARs (quantitative structure activity relationships) for their conversion by cytochromes P450 could be obtained and the influence of variations in the cytochrome P450 enzyme pattern appeared to be relatively small [11] [12] [13] . These QSARs were based on calculated molecular orbital characteristics, and thus, chemical reactivity characteristics of the substrates. It was demonstrated for instance that the actual regioselectivity of the cytochrome P450catalysed conversion of a series of fluorinated benzenes could be predicted within 6% accuracy and a correlation coefficient of 0.96 on the basis of the calculated reac tivity of the various carbon centres in the benzene derivatives for electrophilic attack [11] . In a similar way the preferential site of hydroxylation for a series of monofluoroanilines could be predicted [12] . Moreover, the actual rate of 4hydroxylation of a series of halogenated aniline derivatives in an iodosobenzenesupported cytochrome P450-catalysed conversion was demonstrated to correlate with the calculated energy of the reactive ^-electrons in the aniline substrate, pro viding another MO-QSAR (QSAR based on calculated molecular orbital characteristics) for a cytochrome P450-catalysed reaction [13] .
Thus, for relatively small substrates, chemical reactivity characteristics of the substrates may dominate over the influence of the specific P450 enzymes in determin ing the regioselectivity of the biotransformation both in vitro and in vivo and also in setting the rate of the reaction in an iodosobenzene-supported system in vitro. This observation would imply that MO-QSARs obtained up to now for cytochrome P450-catalysed reactions using the cytochromes P450 from Wistar rats may be valid for other species as well. The present study was undertaken to investigate whether the MO-QSARs obtained up to now for rat cytochromes P450, are also valid for the prediction of the metabolism of substituted benzene derivatives by other species than rat, and thus, may provide a basis for extrapolation to man. Therefore, in the present study, the validity of QSARs previously described for reactions catalysed by cytochromes P450 from Wistar rats, was investigated for cytochromes P450 obtained from mice, guinea pig, rabbit and also from man.
Materials and methods

Chemicals
Aniline, 2-fluoroaniline, 3-fluoroaniline, 2-chloroaniline, 3-chloroaniline and 2,3difluoroaniline were purchased from Janssen Chimica (Beerse, Belgium). 1,3-Difluorobenzene was obtained from Fluorochem (Derbyshire, UK). 1,2,4-Trifluorobenzene was purchased from Aldrich Chemie (Steinheim, Germany). The purity of all compounds was >98%. Iodosobenzene was synthesized by the basecatalysed hydrolysis of diacetoxyiodobenzene (Fluka, Switzerland), essentially as described by Saltzman and Sharefkin [14] , and added to the incubations from a 20 mM sonicated suspension in 10% DMSO in demineralised water.
In vivo exposure of different species to 1,3-difluoro-and 1,2,4-irifluorobenzene
Male U inbred, R inbred and Sprague-Dawley (SD) rats (400 g) were exposed to 200 ftmol (500 ¿tmol/kg body weight) of the 1,3-difluoro-or 1,2,4-trifluorobenzene, administered in olive oil by oral injection. Male NMRi, C57/BL mice (40 g) were ex posed to 20 fixnol (500 /imol/kg body weight), male New Zealand White (NZW) rab bit (4000 g) was exposed to 2000 ^mol (500 /¿mol/kg body weight) and male guinea pig (800 g) was exposed to 400 ¿unol (500 /¿mol/kg body weight) of the 1,3difluorobenzene or 1,2,4-trifluorobenzene, administered in olive oil by oral injection. After dosing, 0-24 h and 24-48 h urine samples were collected and stored at -20°C until analysis. 
Analysis of urine samples
2.4, 19F NMR measurements
19F NMR measurements were performed on a Bruker AMX 300 spectrometer as described previously [15] [16] [17] . Between 1500 and 20 000 scans were recorded, depending on the concentrations of the fluorine-containing compounds and the sig nal to noise ratio required. The sample volume was 1.71 ml, containing 100 ¡A of 2H20 for locking the magnetic field and 10 fil of 8. 
Preparation of microsomes
Microsomes were prepared from the perfused livers of male rats (400 g), male mice (40 g) and male NZW rabbit (4000 g), which were treated with isosafrole (Sigma, St. Louis, MO), 150 mg/kg body weight, using a stock solution 100 mg/ml in olive oil, administered i.p., daily for 3 days. Following homogenisation o f the livers in Trissucrose buffer (50 mM Tris-HCl, 0.25 M sucrose, pH 7,4) and centrifugation at 10 000 X g (20 min), the supernatants were centrifuged for 75 min at 105 000 X g. The microsomal pellet was washed once with Tris-sucrose buffer and finally suspended in 0.1 M potassium phosphate pH 7.25 containing 20% glycerol and 1 mM EDTA. The final preparation was immediately frozen in liquid nitrogen and stored at -80°C, until use.
Cytochrome P450 contents were determined as described by Omura and Sato [19] . Protein was assayed by the method of Lowry [20] using bovine serum albumin (Sigma, St. Louis, MO) as the standard. Table L Immediately after resection a representative specimen of normal liver tissue was excised from the resected segment and cooled. All patients had epidural anaesthesia and after introduction (fentanylcitrate, thiopental, vecuroniumbromide) nitrous oxide and isoflurane as anaesthetic agent were applied continuously during the operation. All patients gave permission preoperatively for the use of some liver tissue for scientific purposes*
Microsomes from human livers (labelled A, B, C and D) were prepared in a similar way from specimens obtained from patients who underwent resection of one or two liver segments for metachronous liver metastases o f colorectal carcinoma. In all pa tients preoperative liver function tests were normal. Some characteristics of the pa tients are given in
Microsomal incubations
Microsomal incubations were carried out at 37°C in 0.1 M potassium phosphate (pH 7.6) containing 1 /¿M microsomal cytochrome P450 and 0-20 mM (halogenated) aniline added as 1% (v/v) of a stock solution in DMSO. The reaction was started by the addition of NADPH or iodosobenzene (both at 1 mM final concentration) and terminated after 10 min (NADPH) or 1 min (iodosobenzene) by freezing the reaction mixture in liquid nitrogen for 19F NM R measurements or by adding 1.0 ml of the reaction mixture to 0.3 ml 20% trichloroacetic acid (TCA) for the chemical detection of 4-aminophenol. The cytochrome P450-mediated microsomal conversion of the aniline derivatives to their 4-aminophenols was observed to be linear in time for at least 10 min in an NADPH/02-supported reaction and for at least 75 s in an iodosobenzene-supported reaction. In order to correct for the chemical reaction be tween iodosobenzene and the aniline substrates resulting in 4-hydroxyIation of the substituted anilines, control incubations were carried out for each substrate concen tration in the absence of microsomal cytochrome P450. This correction was 5-40%, depending on the substrate concentration and aniline derivative used.
Conditions for the 19F NMR samples for determination of the regioselectivity of 3-fluoroaniline hydroxylation in an N A D PH /02 driven reaction were essentially similar using a final volume of 2 ml, 2 fiM microsomal cytochrome P450, a 3fluoroaniline concentration of 10 mM and adding 2 mM ascorbic acid and 0.2 mg/ml of superoxide dismutase (SOD) to prevent autoxidation of the aminophenol metabo lites especially during the overnight l9F NMR measurement. 
Molecular orbital parameters
Molecular orbital parameters needed for the various comparisons of experimental data to calculated molecular orbital reactivity parameters were taken from the litera ture [11-13J and were calculated using the AMI Hamiltonian [22] . The parameters used were either the reactivity of the T-electrons characterised by their calculated energy of the highest occupied molecular orbital (E(HOMO)), or the calculated den sity distribution of the reactive 7r-electrons in the aromatic ring. This density distri bution was calculated from the density distribution of the HOMO and the HOMO-1 (i.e. first occupied orbital at the highest energy level below the HOMO) as described by Fukui et al. [23] ,
Results
3, L QSARs for the in vivo aromatic ring hydroxylation of fluorinated benzenes
To investigate whether the MO-QSAR for the prediction of the regioselectivity of the in vivo aromatic ring hydroxylation of fluorinated benzenes can be extrapolated from Wistar rats to other species, the regioselectivity of the aromatic hydroxylation of 1,3-difluorobenzene and 1,2,4-trifluorobenzene was determined in U and R in bred rats and SD rats, in two mice strains, in a rabbit strain and in the guinea pig. As an example, Fig. 1 shows the i9F NMR spectra of the arylsulphatase//3- The resonances of the hydroxylated metabo lites were identified as previously described [11] , The resonance marked IS is from the internal standard 4-fluorobenzoic acid.
glucuronidase-treated urine samples of NMRi mice exposed to 1,3-difluorobenzene ( Fig. la) or 1,2,4-trifluorobenzene (Fig. lb) . The ,9F NMR spectra o f urine from Wistar rats exposed to these fluorobenzenes were previously reported [11] . Results obtained from 19F NMR analysis of urine samples of the various animals exposed to 1,3-difluorobenzene or 1,2,4-trifluorobenzene are summarised in Tables 2 and 3, » respectively. For both 1,3-difluorobenzene and 1,2,4-trifluorobenzene all urinary metabolite patterns contain large amounts (>48% of total fluorine containing me tabolites) of phenolic metabolites. Formation o f some ortho hydroxylated phenol (catechol) from 1,3-difluorobenzene is observed in all species, the relative amount being slightly higher in rabbit than in the other species (Table 2 ). This observation is accompanied by a slightly lower amount of monophenols in the urine of 1,3difluorobenzene-exposed rabbits compared to the urine from the other species ex- Table 2 Phenolic metabolite pattern in urine of different species exposed to 1,3-difluorobenzene as determined by !*F NMR analysis of the arylsuIphatase/0-glucuronidase-treated 24 h urine of exposed animals spectrum of 1,3-difluoro-and 1,2,4 -trifIuorobenzene remain unidentified. Since these unidentified peaks do not represent primary halogenated phenolic metabolites, they were not investigated in detail in this study. Table 3 Phenolic metabolite pattern in urine of different species exposed to 1,2,4-trifIuorobenzene as determined by 19F NMR analysis of the arylsulphatase/jS-glucuronidase-treated 24 h urine of exposed animals Most interesting for the objective of the present study, however, are the regioselectivities of the aromatic hydroxylation also presented in Tables 2 and 3 0.60:0.21 for 1,2,4-trifluorobenzene [11] . Fig. 2 . 19F NMR spectrum of an incubation of 3-fluoroaniline with microsomes from human liver. Metabolites were identified as previously described [12, 16] . The resonance marked IS is from the internal standard 4-fluorobenzoic acid. The resonance marked with an asterisk is also present in blank incubation without NADPH. and also with different human liver microsomal preparations, vary by only a few per cent. Qualitatively, the regioselectivity observed follows the calculated density distri bution for an electrophilic attack on the reactive Tr-electrons of 3-fluoroaniline. This frontier electron density distribution for an electrophilic attack is 0.20:0.47:0.05:0.36 for C2:C4:C5:C6 [12] . These MO results qualitatively explain that C5 is not hydroxylated, that C6-hydroxylation is favoured over C2-hydroxylation and that C4 is the preferential site for hydroxylation of 3-fluoroaniline. Apparently, the type of cytochromes P450 present in the microsomal preparation, and thus, the species from which the P450 preparation is derived, is not a main factor influencing the regioselec tivity of the hydroxylation of 3-fluoroaniline.
posed to 1,3-difluorobenzene. Catechol formation from 1,2,4-trifluorobenzene is not observed (Table 3). Formation of para-hydroxylated phenols (hydroquinones) is observed only in mice for both fluorobenzenes. Some resonances in the 19F NMR
. The results obtained show that conversion of 1,3-difluorobenzene and 1,2,4-trifluorobenzene by various species results in similar regioselectivity for the aromatic hydroxylation. The regioselectivities observed in all species closely match the regioselectivity predicted on the basis of the calculated reactivity of the various carbon centers
Regioselectivity for the in vitro aromatic hydroxylation of 3 -fluor o aniline
In addition to extrapolation to other experimental animals than the Wistar rat, it is of interest to investigate whether the regioselectivity obtained for the aromatic hydroxylations catalysed by cytochromes P450 from Wistar rats can be extrapolated to man. As, for obvious ethical reasons, the in vivo regioselectivity of the aromatic hydroxylation can not be investigated in man, in vitro experiments with 3fluoroaniline were performed. 3-Fluoroaniline was used for these in vitro studies in stead of the fluorobenzenes because the rate of its conversion is higher and therefore results in metabolite patterns that can be quantified by 19F NMR analysis. Fig. 2 presents the l9F NMR spectrum of an incubation of 3-fluoroaniline with human liver microsomes. Table 4 presents the regioselectivity derived from this and ad ditional 19F NMR spectra obtained for incubations with various microsomal preparations. The results presented clearly demonstrate that the regioselectivity of the 3-fluoroaniline hydroxylation observed with microsomes from different species, PPM
S3. QSARs for the rate of in vitro conversion of halogenated aniline derivatives in an iodosobenzene-supported cytochrome P450-catalysed C4-hydroxylation
In a final set of experiments it was investigated whether the MO-QS AR describing a correlation between the rates of conversion of a series of aniline derivatives in an iodosobenzene-supported cytochrome P450-mediated C4-hydroxylation and the energy of the reactive 7r-electrons of these aniline derivatives [13]
, can be ex trapolated to other species than the Wistar rat. To allow comparison of the data of the present study to those previously reported, isosafrole pretreatment of the animals was performed before preparing the microsomes for the present in vitro studies. Pre vious studies demonstrated aniline hydroxylation in an N A D PH /02 driven micro somal reaction to be highest with microsomes from isosafrole pretreated rats [13, 16] . Table 5 presents the £cat values obtained for the C4-hydroxylation of a series of (halogenated) anilines by liver microsomes from isosafrole-pretreated rats, rabbit and mice. It also presents kcat values obtained for an iodosobenzene-driven micro- somal system derived from human liver. It appears from the data presented in Table  5 , that £cat values for C4-hydroxylation of aniline derivatives obtained using microsomes from various species vary at most two-fold. Furthermore, the results presented in Table 5 show considerable differences in &cat values for the C4hydroxylation of the different aniline derivatives. In Fig. 3 Fig. 3 clearly demonstrate that MO-QSARs are obtained not only for rat, but also for mice, rabbit and even human microsomal systems. The correlation coefficients for the QSARs describing the relation between the In /ccat values and the E(HOMO) values are r = 0.97 for rats, r = 0.98 for mice, r = 0.97 for rabbit and r = 0.99 for human microsomes.
the natural logarithm o f the fccat values for the iodosobenzene-supported C4-hydroxylation of the (halogenated) anilines is plotted against the E(HOMO) values calculated for the aniline derivatives (Table 6). These E(HOMO) values of the aniline derivatives are of importance for their reactivity in the electrophilic attack by the high-valent-iron-oxo cytochrome P450 intermediate. The results presented in
Besides, Fig. 3 clearly shows that the QSARs obtained for the various species are similar. These similar QSAR lines obtained for different species indicate that the re lative change in the rate of conversion with a change in the reactivity of the aniline substrate is about the same for all species.
Discussion
In the present study it was investigated whether MO-QSARs (quantitative struc ture activity relations based on molecular orbital parameters) described previously for aromatic hydroxylation reactions of halogenated benzene derivatives catalysed by cytochromes P450 from Wistar rats can be extrapolated to cytochrome P450 reac-B. Tyrakowska et a l / Chemico-Biological interactions 100 (1996) Fig, 3 . Relationship between the In k m for 4-hydroxylation of a series of halogenated anilines in an iodosobenzene-supported microsomal P450 conversion and the E(HOMO) of these substrates for rats (r = 0.97), mice (r = 0.98), rabbit (r = 0.97) and human (r = 0.99) liver microsomes. &cal is expressed in min" 1, E(HOMO) is expressed in eV. Theoretically, fccat should be multiplied by hlkT to make the par ameter dimensionless before calculating the natural logarithm, However, because this would result in a change of the y-axis values by a constant factor, this theoretically appropriate correction was omitted and the natural logarithm of kcat was plotted. enzyme pattern did not influence the regioselectivity of the aromatic hydroxylation of relatively small substrates like fluorinated benzene derivatives or monofluoroanilines [11, 12] . These results imply that chemical characteristics of the substrate instead of the types of cytochromes P450 involved, are o f major importance in deter mining the outcomes of the catalysis. The present study was undertaken to provide further support for this hypothesis, and especially to investigate whether this MO-QSAR approach would indeed form a basis for extrapolation of biotransfor mation results from one species to another including man. First, the regioselectivity of the in vivo hydroxylation of two model fluorinated benzenes with three discernable sites for aromatic hydroxylation (1,3-difluorobenzene and 1,2,4-trifluorobenzene) , was tested in three additional rat strains, in two mice strains, in a rabbit strain and in guinea pig. Second, the regioselectivity of the in vitro 3-fluoroaniline hydroxylation by mice, rabbit and human microsomes was determined and compared to the results obtained with rat microsomes. Finally, it was investigated whether the MO-QSAR for the rate o f conversion of a series of aniline derivatives in an iodosobenzene-supported cytochrome P450-catalysed C4-hydroxylation can be extrapolated to studies with mice, rabbit and human microsomes.
tions of other species. Because these MO-QSARs describe relationships between experimental parameters and a calculated reactivity parameter of the P450 substrate, it might be foreseen that such MO-QSARs obtained for one species may be valid for other species including man. Previous results with differently induced Wistar rat microsomal preparations as well as with different induced rats metabolising substrates in vivo, already demonstrated that a change in the cytochrome P450
The results obtained demonstrate that for all three biotransformation QSARs the results obtained with mice, guinea pig, rabbit and even human systems were similar to those obtained for the rat system. The regioselectivity of the in vivo aromatic hydroxylation of 1,3-difluorobenzene and 1,2,4-trifluorobenzene could be predicted on the basis of the calculated electron density distribution for an electrophilic attack by the activated high-valent-iron-oxo species of the cytochromes P450, Thus, in in vivo studies with mice, guinea pig, other rat strains and rabbit, this MO-QSAR for the prediction of the regioselectivity of the fluorobenzene hydroxylation was valid, indicating that the chemical reactivity of the various sites in the fluorinated benzenes, rather than a stereoselective influence of the active site o f the cytochromes P450, determines the regioselectivity of the aromatic hydroxylation. This observa tion implies that the regioselectivity o f the hydroxylation of these fluorinated benzenes in man can be expected to be similar. The similar regioselectivity observed in the present study for the in vitro hydroxylation o f 3-fluoroaniline by microsomes from experimental animals or man, supports this view. Furthermore, the qualitative correlation between the regioselectivity predicted for 3-fluoroaniline on the basis of the calculated reactivity of the various carbon centres for an electrophilic attack and the regioselectivity actually observed, also supports this conclusion.
Finally, it was demonstrated that the relationship between the natural logarithm for the &cat for iodosobenzene-supported microsomal C4 hydroxylation of a series of aniline derivatives and the energy of the reactive r-electrons of these derivatives can be obtained not only for liver microsomes from Wistar rats as previously described [13] but also for liver microsomes from mice, from rabbit and even from human liver. This MO-QSAR indicates that in the iodosobenzene-supported cytochrome P450-catalysed aniline C4-hydroxyIation the actual electrophilic attack of the high-valent-iron-oxo P450 intermediate on the reactive x-electrons of the ani line substrate is the rate limiting step in catalysis. The 2-fold variation in the various kcat values observed when comparing results from human liver microsomes with those obtained for rats, rabbit or mice microsomes, is the only significant speciesdependent difference observed in the present study. Nevertheless, the QSAR lines describing the relationship between the In k^t for the conversion of the various ani line derivatives and their E(HOMO) are similar for all species investigated. This im plies that the relative influence of a change in the chemical reactivity o f an aniline derivative on its rate of conversion is about the same for all species.
Altogether, the results of the present study strongly support the conclusion that the conversion of the relatively small benzene derivatives in the relatively large and aspecific active sites of the mammalian cytochromes P450, are mainly dependent on chemical reactivity parameters of the substrates. Therefore, the results of the present study support the hypothesis that MO-based QSARs obtained in rat can provide a basis for prediction of biotransformation pathways in different species, including man.
